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ABSTRACT

Aluminum impairs uptake of Mg2+, but the mechanisms of this
inhibition are not understood. The depletion technique was used
to monitor net Mg2+ uptake from nutrient solution by intact, 23-
day-old plants of ryegrass (Lolium multHtlorum Lam., cv Gulf and
Wilo). Activities of Mg2+ and monomeric Al species in nutrient
solution were calculated and used as the basis for expressing
the results. The kinetics of net Mg2+ absorption was resolved into
(a) a transpiration-dependent uptake component, (b) a metaboli-
cally mediated, discontinuous saturable component that is Al3+
sensitive and p-chloromercuribenzene sulfonic acid (PCMBS) re-
sistant, and (c) a linear, carbonyl cyanide m-chlorophenylhydra-
zone resistant, Al3+ sensitive component that might be a type of
facilitated diffusion. Lowering the pH from 6.0 to 4.2 exerted a
noncompetitive inhibition of net Mg2+ uptake, while aluminum at
6.6 micromolar Al3+ activity exerted competitive inhibition of net
Mg2+ uptake at pH 4.2. The A13+-induced effect was obvious after
30 minutes. Cultivar-specific ability to retain a higher affinity for
Mg2+ by postulated transport proteins in the presence of Al3+
might be one of the mechanisms of differential Al tolerance
among ryegrass cultivars.

Aluminum is the most important yield-limiting factor in
many acid soils (1 1). Inhibition of root growth is a primary
effect of Al toxicity (6). A vast body of literature has also been
published on decreased nutrient concentrations and total
nutrient contents in plants exposed to Al during extended
periods of time. Mechanisms of these and other deleterious
Al effects are still unclear (for a review see ref. 11).
One of the nutrient elements apparently affected by Al to

a great extent is Mg. Exposure to Al results in decreased Mg
concentration and total Mg content in plants (5, 12, 31). This
may be due to decreased Mg2" absorption brought about by
reduced root growth or to a direct Al inhibition of Mg2+
uptake. The suggestion was put forward that Al directly
affected Mg2e absorption in oats (12), sorghum (15), and
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ryegrass (31). Kinetic analysis of the relationship between Mg
absorption and Al does not appear to have been undertaken
previously.

Differential Al tolerance among cultivars may be due to
differences in the ability to absorb and retain more Mg when
exposed to Al (5). The hypothesis that kinetic parameters of
Mg2" uptake will be less affected by Al in Al-tolerant cultivars
than in Al-sensitive cultivars remains to be tested.
The objective of this study was to determine the influence

of Al on the kinetics of net Mg2" uptake in two ryegrass
cultivars differing in Al tolerance.

MATERIALS AND METHODS

Plant Material

Seeds of two ryegrass (Lolium multiforum Lam.) cultivars,
Wilo (relatively Al-sensitive) and Gulf (relatively Al-tolerant),
were surface sterilized, germinated, and grown in complete
nutrient solution in the growth chamber as described else-
where (31). The pH of nutrient solution was initially adjusted
to 6.0 with 0.2 N HCI and was monitored daily. Solution was
renewed on d 10 after the start of germination and in 4-d
intervals thereafter, which prevented pH change ofmore than
0.2 units. On d 22, the complete nutrient solution was re-
placed with the solution from which Mg was omitted. The
pH of the Mg-free solution was adjusted to 4.2 with 0.2 N
HCl, except for the solution used to nourish plants to be
utilized for measuring Mg2+ absorption at pH 6.0, in which
case pH 6.0 was used. Distilled water was added to the pots
daily to replace water lost by evapotranspiration.

Nutrient Solutions for Measuring Net Mg2+ Uptake

On d 23, after 24 h of growth in the Mg-free nutrient
solution, net Mg2e uptake was measured from the nutrient
solutions having Mg2+ and Al concentrations and pH varied
according to the experimental objectives. Sodium nitrate was
supplemented as appropriate to compensate for different con-
centrations of Mg2+ added as Mg(NO3)2x6 H20. Aluminum
was added from a stock solution prepared by adding 1 mmol
A12(SO4)3X 18 H20 to 1 L of0.002 N H2SO4. When applicable,
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CCCP,3 a metabolic uncoupler, and PCMBS, a nonpermeant
sulfhydryl reagent, were added to nutrient solutions in con-

centrations of 1 and 100 ,uM, respectively.
Ionic strength and the ionic speciation of the nutrient

solutions used for measuring Mg2" absorption were calculated
by a modified version (28; and errata in Soil Sci Soc Am J
51: 1680) of the GEOCHEM computer program (33). The
program was edited to reflect our choice of equilibrium con-

stants for Mg as well as Al complexes (taken from ref. 20).
Mg, Ca, Fe, Mn, Zn, Cu, K, Na, and P in the nutrient
solutions were determined by ICPES (Applied Research Lab-
oratories, Sunland, CA), while SO42-, NO3-, Cl-, and F were

measured with an ion chromatograph. Input values for Al
were the estimates of monomeric Al concentrations obtained
by the aluminon method (2). The absorbance was measured
after 30 min at 530 nm in 10-mm path length cuvettes. The
estimates ofmonomeric Al were 16 ± 2 and 69 ± 5 ,uM (means
± SE) after addition of 18 and 74 AM Al, respectively. Calcu-
lated activities ofMg and Al species are presented in Table I.
The means of JAI3") were calculated to be 6.6 and 26 AM after
addition of 18 and 74 AM Al, respectively. These were refer-
ence values for this study. At the end of the 12-h depletion
experiment, concentrations of cations, anions, and mono-

meric Al species were determined again and activities were

calculated as described above; the fA134j in nutrient solutions
did not fall below 5.5 and 24 uM for 6.6 and 26 ,uM initial
JAI3+}, respectively.

Sampling

The depletion technique, modified after Claassen and Bar-
ber (4), was used to monitor net Mg2" uptake. Nutrient
solution was continuously sampled from the pots by a peri-

3Abbrevations: CCCP, carbonyl cyanide m-chlorophenylhydra-
zone; PCMBS, p-chloromercuribenzene sulfonic acid; $A131 and
IMg2"j, ionic activities of A13+ and Mg2", respectively; ICPES, induc-
tively coupled plasma emission spectrometry; Imax, maximum net ion
influx.

staltic metering pump which removed 0.4 mL min-'. At the
same rate, distilled water was pumped into the pots. The
sampled solution was fed into a series of tubes in a fraction
collector set to change tubes at 30-min intervals. The deple-
tion experiment was initiated at the beginning of the 13-h full
light period in the growth chamber. Plants were allowed 30
min to attain dynamic equilibrium with the nutrient solution
before sampling started (time 0 of depletion period). The
depletion period lasted for 12 h, during which time the pH of
nutrient solutions did not change more than 0.05 units.

Following the depletion period, roots were separated from
shoots, rinsed with distilled water, gently blotted twice be-
tween paper towels, weighed, and subsampled by weight.
Preliminary measurements showed that such a subsampling
did not significantly affect the accuracy of whole-sample root-
length estimation. Root length was measured on one subsam-
ple with an area meter (DELTA-T Devices Ltd., Cambridge,
U.K.). The whole-sample root length ranged between 132 and
185 m. Root radius was calculated from the root volume
which was estimated from the root fresh weight, assuming the
density of fresh roots to be 1000 kg m-3. Root surface area

was calculated assuming that roots were smooth cylinders.
Increases in root length that occurred during the 12-h deple-
tion period were assumed to be negligible compared to the
whole root mass.

Evapotranspiration

Water loss due to transpiration was estimated by weighing
the pots with plants at the beginning and end of the depletion
period; differences between the two values were used to cal-
culate transpiration rates. The same procedure was followed
for pots without plants to assess water loss due to evaporation.
Transpiration rates per unit of root surface area ranged from
29 to 34 ML m-2 s-1.

Sample Analysis and Result Calculations

Samples of the nutrient solution from the depletion exper-
iments were analyzed for Mg2" with ICPES. A computer

Table I. Ionic Strength and Activities of Mg2+ and Al Species in the Nutrient Solution (pH 4.2) Used for
the Depletion Experiment

Calculations were done by the modified GEOCHEM computer program.
Concentration Mg2+ Activities

Activity Ionic
Al Mg2+ Coefficient Mg2+ Al3+ AI(OH)2+ AI(OH)2+ Al(OH)30 AISO4+ Strength

MM JM

0 20 0.71 14.2 8030
0 80 0.71 56.8 8050
0 320 0.70 224 8090
0 1280 0.67 858 8260

18 20 0.71 14.2 6.8 1.1 0.9 0.0 1.1 8090
18 80 0.71 56.8 6.8 1.1 0.9 0.0 1.1 8100
18 320 0.70 224 6.6 1.1 0.8 0.0 1.1 8150
18 1280 0.67 858 6.1 1.0 0.8 0.0 0.9 8300

74 20 0.70 14.0 26.8 4.2 3.4 0.1 6.5 8210
74 80 0.70 56.0 26.6 4.2 3.4 0.1 6.5 8220
74 320 0.69 221 26.1 4.2 3.3 0.1 6.2 8280
74 1280 0.66 845 24.2 3.9 3.0 0.1 5.2 8420
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program was written in FORTRAN to adjust measured Mg2"
concentrations for time-dependent variables imposed by the
depletion technique itself (Mg2" removal by sampling while
distilled water was pumped into the pot) as well as for the
amount ofwater transpired, which was assumed to be a linear
function of time. Net Mg2" uptake was calculated using the
difference between two sequential nutrient solution Mg2"
concentrations after the previously described adjustments had
been made. Calculated net Mg2" uptake was further adjusted
by subtracting the portion of Mg2" uptake that was due to
water flux. Following the work of Dalton et al. (7) and
introducing certain additional assumptions (for details on
formula derivations see ref. 30), it can be shown that

Inetx = Itx + (a--l )ClaXIW

where InetX is net energy-dependent uptake of ion X, Itx is the
total flux of ion X, a is the reflection coefficient, Clax is the
concentration of ion X at the root surface, and Iw is the water
flux. Using this formula to calculate net Mg2` uptake that was
corrected for the water flux-driven Mg2` uptake (mass flow of
Mg2+), was assumed to be independent of Al and value of
0.7 from Dalton et al. (7) was used throughout, while CIaMg2+
was assumed to be the same as the Mg2` concentration in the
bulk solution that was vigorously stirred by air-bubbles
throughout the experiment. In contrast, for calculating the
parameters of net Mg2' uptake kinetics (Imax and Ki, Table
II) and for Figures 1 to 4, Mg2+ activities of the depletion
solutions were used.

Statistics

Each experiment contained two replicates and was per-
formed twice. To simplify Figures 1 to 4, results of only one
replicate obtained after 1, 3, 5, 7, 9, 1 1, and 12 h following
the start of the depletion period, were presented. The param-
eters of net Mg2+ uptake were calculated from the regression
lines fitted to the data which had been transformed by the
Eadie-Hofstee equation of Michaelis-Menten kinetics. Analy-
sis of covariance (= multisource regression analysis) was
conducted to compare Imax ( Yintercept) and Km (slope) of the
Eadie-Hofstee transformed data obtained for different treat-
ments. Statistical analyses were performed using routines of
the Statistical Analysis System (SAS Institute, Cary, NC).

RESULTS

Magnesium

Due to slow uptake of Mg2+ from the solution, Mg2+
depletion did not exceed 50% of the starting amount and was
much smaller in most treatments (not shown). The resulting
depletion curves made it mathematically impossible to di-
rectly calculate Imax and Km. Net Mg2` uptake data obtained
at four different initial Mg2+ concentrations in nutrient solu-
tion were thus combined. The difference between net Mg2+
uptake corrected or uncorrected for transpiration-dependent
Mg2+ uptake is shown in Figure 1 for the cv Gulf at pH 6.0.
The Michaelis-Menten function (I = [Imax x fMg2+j]/[Km +
IMg2+j], where I represents net Mg2+ uptake) was fitted to the
mass flow corrected net Mg2` uptake (Fig. 1; see also Figs. 2
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Figure 1. Net Mg2+ uptake from the complete nutrient solution (pH
6.0, no Al) by 23-d-old plants of Gulf ryegrass. Data were presented
as corrected (0) or uncorrected (0) for transpiration-driven Mg2+
uptake. The Michaelis-Menten function was fitted to the corrected
data (<230 AM Mg2+ activity), while the curve to uncorrected data
was fitted by eye.

Table II. Kinetic Parameters of Mass Flow Corrected Net Mg2+
Uptake
The parameters were calculated from the Eadie-Hofstee equations

using the data obtained at fMg2+i <230 ylM. The Km is expressed as
activity of Mg2+. The cv Gulf is Al-tolerant relative to the cv Wilo.
Means ± SE

/m.a Km
pH IA13+1

Guff Wilo Guff Wilo

M1M nmol mr2 s-' JAM
6.0 0 16.6 ± 0.5 15.6 ± 0.5 28.5 ± 4.3 28.1 ± 4.8
4.2 0 9.8 ± 0.3 9.6 ± 0.3 25.2 ± 3.2 24.8 ± 4.2
4.2 6.6 9.5 ± 0.5 9.1 ± 0.4 54.4 ± 8.9 93.3 ± 14.2

and 4). The uncorrected Mg2" uptake did not follow the
Michaelis-Menten function (Fig. 1). Net Mg2" uptake data
obtained at nutrient solution IMg2"j above 700 Mm could not
be fitted to the same curves as data obtained with fMg2+j
below 230 Mm (for an example see Fig. 1). Such a result
indicates that Mg2+ uptake parameters (Ima., Km) applicable
to the uptake process at fMg2`+ greater than 700 Mm did not
apply to uptake at jMg2`+ less than 230 Mm. Hence, only
results obtained at nutrient solution fMg2`+ below 230 Mm

were considered in the following analyses.

pH

Lowering the pH from 6.0 to 4.2 decreased Ima. of net Mg2+
uptake (P < 0.013 for both cultivars), while no significant
change was observed for Km (P < 0.301 and P < 0.586 for the
cv Gulf and Wilo, respectively) (Table II; cf Figs. 1 and 2,
Fig. 3).
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Figure 2. Influence of IA13+1 on mass flow corrected net Mg2+ uptake
by 23-d-old plants of Gulf (A) and Wilo (B) ryegrass from the complete
nutrient solution (pH 4.2) having IA13+1 0 (O), 6.6 um (A) and
26 lim (O).

Aluminum
At pH 4.2, 6.6 lim JAI3+} in nutrient solution considerably

(P < 0.0001) increased Km. (216 and 376% for the cv Gulf
and Wilo, respectively), while no significant change was de-
tected for I... of net Mg"+ uptake (P < 0.418 and P < 0.203
for the cv Gulf and Wilo, respectively) (Table II; Fig. 3). Net
Mg2+ uptake by Wilo roots from the nutrient solution having
jMg2+j < 14 was severely affected by 6.6 jAm JA13+ I after 30
min only, while net Mg2+ efflux occurred after 9 h. This result
was assumed to be a consequence of Al-caused deleterious
effects not directly related to the process ofMg2+ uptake; these
data were therefore omitted from the analysis. In contrast, 26
,FM JA13+1 in nuffnrts-lUft~n caused net efflux, i.e. actual
loss, of Mg2+ from roots of both tested cultivars at jMg2+j
below 14 jMM and severely depressed net Mg`+ uptake atgreater
Mg`+ activities (Fig. 2). Hence, Imax and Km,, could not be
estimated from the results obtained at 26 gm jA13+j in nutrient
solution.

Cultivars
At pH 6.0 as well as at pH 4.2 and no Al added, there was

no difference in net Me'~uptake between the two cultivars
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Figure 3. Effects of pH and 1A13+1 on the parameters (/max, Ki) of
mass flow corrected net Mg2+ uptake by 23-d-old plants of Gulf (A)
and Wilo (B) ryegrass from the complete nutrient solution. The Eadie-
Hofstee function (intercept = I,,; slope = -Km) was fitted to the data
obtained at pH 6.0 and no Al (0), pH 4.2 and no Al (El), $pH 4.21 and
IA13+1 = 6.6 Mm (A).

(Table II). In contrast, 6.6um Al3+j produced a larger Km (P
< 0.0001) in the Al-sensitive cv Wilo than in the more Al-
tolerant cv Gulf (Table II). Imax values were the same for both
cultivars (P < 0.1 18).

CCCP and PCMBS

For the cv Wilo, the addition of PCMBS in the nutrient
solution having JA13+1 0 or 6.6 Mm at pH 4.2 (Fig. 4) slightly
decreased Imax and Km of net Mg2+ uptake (Imax 8.5 and 8.4,
Km 25.3 and 83.1 for $Al3+1 activities 0 and 6.6 MM, respec-

tively; cf with respective values obtained with no PCMBS
supplied, Table II), but no significant differences were de-
tected (from P < 0.089 to P < 0.912). In contrast, the addition
of CCCP to nutrient solutions lacking Al significantly de-
creased net Mg2` uptake (Y), which became linear in the

0 6L . 2 .
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Figure 4. Influence of PCMBS and CCCP on the mass flow corrected
net Mg2+ uptake by 23-d-old plants of Wilo ryegrass from the com-

plete nutrient solution (pH 4.2). Nutrent solution had $A13+1 0 (A) or

6.6 lM (B). The measurements were made at no inhibitor supplied
(control, A), 100 ltM PCMBS (EJ) and 1 jM CCCP (0).

range of jMg2+j (X) tested (Y = -0.06 + 0.01X, r2 = 0.98;
for the units of measure see Fig. 4). The detrimental effect of
CCCP on net Mg2+ uptake was even larger in nutrient solu-
tions having 6.6 AM fAl3i (Fig. 4). However, the linear

relationship between net Mg2+ uptake and nutrient solution
jMg2+j was still significant (Y = -0.05 + 0.002X, r2 = 0.92;
for the units of measure see Fig. 4).

DISCUSSION

The depletion technique, as originally used to monitor K+
influx (4), did not allow plants to approach steady state
absorption since their nutrient environment was drastically
changed over the short time. McLachlan et al. (23) showed
that only in the first phase ofa depletion period concentration
of the nutrient in question is not limiting, and that only then
plant processes control the nutrient uptake parameters ('max

Kin) to be determined. Depletion of Mg2+ from the nutrient
solution in the present study was rather limited in extent (not
shown), and plant characteristics presumably exerted a large
influence on net Mg2+ uptake.

It has recently been shown that using activities instead of

concentrations in ion uptake studies may change the interpre-
tation of results (9), especially where uptake of divalent and
trivalent ions is monitored. In the present study, Km of net
Mg2" uptake was significantly smaller when calculated from
Mg2" activities rather than from Mg2" concentrations (not
shown).

Since intact plants were used in the present study, observed
values of net Mg2" uptake represent average values for the
whole root system. Uptake of Mg2" may be quite variable
along the root axis.

It has been shown that Mg2" might move largely in the root
free space in transpiration-supported solution flow (10).
Therefore, the Mg2" uptake data presented in this paper has
been corrected for mass flow of Mg2". Net Mg2" uptake (Fig.
1) appeared to show characteristics ofdiscontinuous, saturable
carrier-mediated transport, as was also shown earlier for net
Mg2" uptake (14, 19, 21) as well as for Mg2' influx (13).
Although it has been well documented that -SH groups are

often involved at the binding sites of both enzymes and
transport proteins (8), the sulfhydryl reagent, PCMBS, did not
significantly alter net Mg2+ uptake (Fig. 4). The apparent
discrepancy observed here may be due to lack of -SH groups
at the bindings sites of Mg transport proteins or due to
recovery of these proteins during the course of the relatively
long ( 12 h) depletion period.
The metabolic uncoupler, CCCP, did not completely in-

hibit net Mg2e uptake (already corrected for mass flow of
Mg2+, Fig. 4). Experiments with KCN added to the nutrient
solution ofthe depletion experiment gave the results that were
essentially the same as those obtained with CCCP (data not
shown). Energy dependence of Mg2' uptake has been shown
earlier in work with excised roots (19, 21). In addition, a
nonactive component of Mg2' uptake that was not transpir-
ation dependent is suggested in the present study (Fig. 4). The
linear, nonactive component of Mg2' absorption does not
necessarily need to be free diffusion. In contrast, a carrier-
mediated character of this component of Mg2" absorption is
suggested (cf ref. 18 for K+ absorption), which is also in
accordance with the hypothesis (24) that carrier-mediated
uptake may become less energy dependent and more similar
to facilitated diffusion as the external ion concentration is
raised. The existence ofa discontinuous, saturable component
plus a linear component of ion uptake has been seriously
questioned in favor of multiphasic ion uptake isotherms (25),
but the present study does not allow such a distinction.

Apparently, Al3" adversely affected the linear component
of Mg2' uptake (Fig. 4). This result might have been a
consequence of greatly decreased amounts of Mg2" cations
bound in the root free space of ryegrass plants grown in Al-
containing nutrient solution (32). Altered Mg2' concentra-
tions in the vicinity of postulated membrane transport pro-
teins may affect Mg2+ transport across the membrane.

Lowering the pH of the nutrient solution did not change
Km but decreased Im. ofnet Mg2' uptake, indicating noncom-
petitive inhibition. A decrease in Mg2+ uptake due to low
solution pH has been previously observed (13, 19, 21).
Among all mononuclear Al complexes, Al3" appeared to

be the most powerful inhibitor of root growth (27). In the
present study, the Al3` was the prevalent Al species and is
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most likely to have influenced Mg2" uptake. It should, how-
ever, be emphasized that computational speciation of such a

complex Al-containing solution is plagued with many uncer-

tainties. From the estimates of monomeric Al concentrations
(see "Materials and Methods"), it appears that the formation
of solid-phase Al-P products has not been significant although
it may theoretically occur under conditions tested (26 and
references therein).
Compared to nutrient solution with no Al added, 6.6 AM

JAI3") considerably increased Km while leaving Imax of net
Mg2+ uptake unchanged (Table II), suggesting competitive
inhibition. Increased Km indicates the postulated transport
proteins in the membrane have a lower affinity for Mg2+. This
might be due to (a) competition between Al cations (presum-
bly Al3+) and Mg2+ for the binding sites on the transport
protein molecules, or (b) competition between ATP-Mg2+ and
'ATP-A1' complexes (3, 29) for the active sites on ATPase,
thus impairing the release of energy needed to create a nega-

tive electrochemical potential across the membrane. However,
it was recently shown (16) that wheat roots subjected to Al
stress maintained negative electrochemical membrane poten-
tial by retaining intact proton pump and, supposedly, AT-
Pases. In the present study the metabolic uncoupler, CCCP,
exerted greater deleterious effects on Mg2+ absorption than
did 6.6 AM JA13+I but smaller effects compared with 26 AM
IA13+ (Fig. 4B). This result suggests that A13+ at 6.6 Mm activity
does not operate exclusively through the ATPase inhibition,
but that binding of A13+ to Mg2+ specific sites on transport
proteins might have also taken place. Substitution of Al3` for
Mg2+ is based on similarity in effective ionic radii and has
also been proposed for several animal in vitro systems (for the
review see ref. 22). Alternatively, A13+ at 6.6 AM activity may
not be as efficient an inhibitor ofenergy-generating cell system
as is CCCP. Aluminum at 26 AM JAI3+I in nutrient solution
caused net loss of Mg2+ from roots (Fig. 2) thus showing
greater deleterious effects than CCCP. This might have been
due to Al-caused membrane damage. Greater $Mg2+I in nu-

trient solution diminished the deleterious effects of Al (Fig.
2). Increasing Mg2` concentration has also ameliorated Al-
induced impairment of wheat root growth (17). Therefore,
the classical inhibition analysis of A13+ effects on the process
of Mg2+ uptake appears very hard to achieve because of the
complexity of Al-caused deleterious effects unrelated to Mg2'
uptake and because of concentration (activity)-dependent
Mg2e protection ofmembranes and alleviation ofAl3" toxicity
symptoms.
The deleterious effects of Al on Mg2+ absorption were more

obvious for the cv Wilo than for the cv Gulf(Table II). Earlier
experiments showed that the cv Wilo was much more sensitive
to Al stress than the cv Gulf (31). Many mechanisms of
differential Al tolerance among different crop cultivars have
generally been proposed (for the review see ref. 11). The
present study shows that ability of ryegrass cultivars to retain
higher affinity for Mg2+ by transport proteins (lower Km) in
the presence of A13+ might be one of the mechanisms of Al
tolerance.
The Al-mediated difference in the apparent affinity of a Mg

transporter between ryegrass cultivars tested in nutrient solu-
tion (Table II) does not appear to be large enough to account

for possible differences in Mg2" uptake from acid, Al-toxic
soils because the Mg2" concentrations in soil solutions gen-
erally range from 0.5 to 2 mm for leached, acid soils (1), thus
exceeding the Km values reported here (Table II). However,
when the same two ryegrass cultivars were grown in acid (pH
3.8 in H20), Al-toxic Stough soil having IMg2") in soil solution
0.5 mm, the cv Gulf had greater shoot Mg concentration than
the Al-sensitive cv Wilo although the statistical significance
of this difference was not convincing (P < 0.063) (30). Sub-
sequent attempts to mathematically model Mg2' uptake by
Gulf and Wilo ryegrass from Stough soil using kinetic param-
eters measured in nutrient solution failed to yield a good
agreement with experimentally measured Mg accumulation
from the soil (30). The complete understanding of the differ-
ences between ion uptake kinetics in nutrient solution com-
pared with much more complicated soil system is beyond the
present knowledge, especially if Al toxicity affecting a multi-
tude of various biochemical and physiological processes is
superimposed.

It has been shown that root meristem cell division, as the
earliest symptom of Al toxicity, stopped after 6 h following
addition of Al (6). The detrimental effect of A13+ on Mg2'
uptake observed in the present study was much faster (<30
min) which might mean that A13+ exerted deleterious effects
on Mg2+ uptake at the site of the plasma membrane (where
postulated transport proteins are situated) without necessarily
entering the cell (see also ref. 34).
There is a growing body of evidence that the primary

mechanism ofAl3+-induced toxicity in animal in vitro systems
is mediated through the Al3+/Mg2' substitution at critical
enzyme and regulatory sites in the cell (22). Further research
to test this hypothesis in plants is warranted.
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